Indirect Dark Matter Search with Gamma-ray Observations
There is strong evidence about the existence of unknown dark matter in the Universe. Many different theories about this dark matter exist, but most probably it is made of a new kind of fundamental particle that has to be massive, stable, electrically neutral, and undergoes only weak interactions with the standard baryonic matter, and therefore, are called weakly interacting massive particles (WIMPs). Within the ΛCDM paradigm, at least six times more dark matter than baryonic matter exists in our Universe. Today, understanding this dark matter is by no doubt one of the most important topics of physics [1] . In the search for dark matter three different approaches emerge: the direct production in collider experiments [2] , the direct detection through scattering off ordinary matter [3] , and the indirect detection based on the search for secondary particles produced by the annihilation or decay of dark matter particles [4] . There are many theories offering dark matter particle candidates which could annihilate into γ-ray photons. One of the best is the supersymmetric extension of the Standard Model of particle physics (SUSY) [5, 6] which provides a natural dark matter particle candidate, the lightest neutralino χ.
A γ-ray signal from dark matter would provide one of the clearest evidence for dark matter. Spectral features such as annihilation lines [7] and internal Bremsstrahlung [8] as well as a characteristic cut-off at the dark matter particle mass would characterize a dark matter origin, shedding light over the nature of the dark matter constituent. This spectrum must be universal. Hence, a forceful smoking-gun for dark matter would be the detection of several γ-ray sources, with no counterpart at other wavelengths, all of them sharing identical spectra [9, 10, 11, 12] .
Astrophysical regions where a high dark matter density is foreseen are the best candidates to expect γ-ray emission from dark matter annihilation or decay. Very high energy γ-ray (> 100 GeV) emission from dark matter annihilation in center of our galaxy is predicted but several bright very high energy sources in the vicinity of the Galactic Center are present that can over-shine the dark matter signal [13, 14] . Proven efficient alternative searches focuses in regions without detected (known) TeV emission [15] . Dwarf spheroidal galaxies are known to have a high dark matter mass and are nearby. Several of these objects have been observed so far in the very high energy regime, but no hint of a signal has ever been found [16, 17, 18, 19] . Very high energy γ-ray emission of dark matter origin might be detectable in galaxy clusters despite being very far objects. Unfortunately, the signal may be over-shined by very high energy emission from, e.g., active galactic nuclei. Observations of galaxy clusters have been performed and no dark matter signal was found so far [20, 21] .
There exist other possible regions of high dark matter density. In the last years cosmological N-body simulations have successfully uncovered how the cold dark matter distribution evolves from almost homogeneous initial conditions into the present hierarchical and highly clustered state [22, 23] . High resolution simulations indicate that dark matter halos should not be smooth but must exhibit a wealth of substructures on all resolved mass scales [24, 25] . These subhalos could be too small to have attracted enough baryonic matter to start star-formation and would therefore be invisible to past and present astronomical observations. Overdensities or clumps are foreseen into these subhalos which can be nearby, e.g., inside the Galactic halo and therefore bright at very high energies [26] . Also dark matter high density regions can develop around intermediate massive black holes from where a rather peaked very high energy emission is predicted [27, 28] . These overdensities would most probably only be visible at high and very high energy gamma-ray band. Because dark matter emission is expected to be constant, such hypothetical sources would popup in the all-sky gamma-ray programs [29] as unidentified objects, e.g., observed with the Fermi satellite and not detected at any other wavelengths.
As already mentioned, the smoking-gun for dark matter detection can be a very distinct energy cut-off close to the dark matter particle mass. Most probably, this is too high in energy [30] to be measurable by Fermi-LAT within a reasonable time. Therefore, the synergy between Fermi and ground based Cherenkov telescopes is mandatory. Furthermore, due to a much larger effective collection area of Cherenkov telescopes, studies of flux variability of the gamma-ray emission of short time scales are more meaningful. In this contribution we present the observations of four unidentified Fermi objects from the 3FHL catalog [31] observed with the H.E.S.S. telescopes and discuss the implications for Dark Matter research.
Selection of unidentified Fermi Objects
In order to obtain the best candidates for H.E.S.S. observations, we have performed a thorough selection of steady, hard sources, having no obvious counterpart at other wavelengths in the Third Catalog of Hard Fermi-LAT Sources [31] , looking for dark matter clump candidates. The following criteria given in Table 1 Out of 178 unassociated objects, six objects were surviving these criteria. A list of the these unidentified Fermi objects is given in Table 2 . The first four in Table 2 were selected for observations with the H.E.S.S. telescopes.
H.E.S.S. observations and data analysis
Observations of unidentified Fermi objects have been performed in the very-high-energy (E > 100 GeV) gamma-ray range with the High Energy Stereoscopic System (H.E.S.S.) which is an array of five Imaging Athmospheric Cherenkov Telescopes located in the Khomas Highland in Namibia [32] . These measurements were conducted in 2018 and 2019 including the four 12 m telescopes with a mirror area of 108 m 2 as well as with the fifth telescope (CT5) with a mirror area of 614 m 2 . For all unidentified Fermi objects, the telescopes pointed towards the sky direction indicated in the 3FHL catalog in wobble mode [33] with a offset of 0.7 • .
The analysis of the data was performed using a Hillas reconstruction technique [34] and the background consisting of cosmic-ray events is being rejected with a neural network based scheme [35] . We used the ring and reflected-region method for the calculation of the maps and the differential upper limits, respectively, for the estimation of the residual background contamination level of the source region (number of ON and OFF events) [33] . The value α Exp gives the ratio of the on-source time to the off-source time. We analyzed data from CT5 together with the smaller telescopes in order to achieve the best sensitivity over a broader energy range and assumed a point-like emission. A cross-check analysis and check of the same data were performed using an additional independent calibration and analysis software [36] providing compatible results. The resulting numbers for ON and OFF events measured during an effective time t eff , and the corresponding α Exp and significance values for each unidentified Fermi object are given in Table 2 . For non of the selected regions a significant point-like emission in the direction of the Fermi-LAT positions was found. Therefore, we calculated differential energy upper limits with 95% confidence level and assuming a spectral photon index of 2.5 and show them in Fig. 1 together with the spectral energy distributions for all individual regions as obtained from the 4FGL catalog.
Results

Source
Discussion and Conclusion
In the following, we discuss the possibility of the dark matter interpretation of detected uniden- tified Fermi objects. The tightest constraints on GeV-TeV mass scale dark matter annihilation crosssection were put Fermi-LAT [38] and the H.E.S.S. collaborations [15] basing on observations of dwarf spheroidal galaxies and the Galactic Center.
Assuming that unidentified Fermi objects indeed originate from dark matter annihilation in the dark matter Milky Way clumps, the GeV-TeV spectrum of the signal allows to put constraints on the J-factors of clumps. The GeV-TeV spectral energy distributions of the unidentified Fermi objects measured by Fermi-LAT and H.E.S.S. provide a characteristic flux level expected from these sources. Combined with existing limits on < σ v >, these constraints can be converted to constraints on J-factor of the clump.
To illustrate this we consider constraints on annihilation in the τ − τ + channel. The spectrum of annihilating dark matter with masses in a range of 0.1-100 TeV was calculated using DMFitFunction, [39] built in into the Fermi-LAT analysis tools. The normalization of the spectrum is proportional to < σ v > ·J and was selected to fit the Fermi-LAT and H.E.S.S. spectral points. A typical spectrum for M DM = 10 TeV is shown in Fig. 1 for the case of 3FHL J0929.2−4110. Existing constraints on < σ v > reported in [38, 15] allow to interpret obtained results as lower limits on the J-factor, see Fig. 2 . The thin dashed lines show the result for individ-ual unidentified Fermi objects, while the thick black line present the lowest J-factor value seen at least in one unidentified Fermi object. To be on a conservative side in what follow we utilize this line as a lower limit on the DM-clump J-factor.
On the other hand, the distribution of clumps in the Milky Way via their J-factors is known from numerical simulations, see e.g. [40] . The simulations result in a cutoff power law-like distribution of clumps with a strong suppression at most at J max ∼ 0.7 × 10 20 GeV 2 cm −5 , shown with a dashed black horizontal line in Fig. 2 . Only N 1 clumps with J > J max can be present in the Milky Way. Comparing the here presented lower limits on J-factors to J max we conclude that unidentified Fermi objects can be interpreted as clumps of a dark matter only if M DM 0.4 TeV if we assume < σ v > from [38] .
To summarize our results, we present joint Fermi/LAT and HESS observations of four Unidentified Fermi Objects (3FHL J2104.5+211, 3FHL J0929.2−4110, 3FHL J1915.2−1323 and 3FHL J2030.2−5037) which resulted in a detection in GeV and upper limits in TeV band. Combining obtained spectral energy distributions with existing limits on dark matter annihilation cross-section and DM-clumps distribution via their J-factors we illustrated that UFOs can be clumps of dark matter only for relatively light dark matter particles with masses M DM 0.4 TeV. Colored dashed lines present result for individual UFOs objects, while solid black line illustrates minimal among UFOs J-factor. Horizontal dashed line show J max -the maximal J-factor for which N ≥ 1 dark matter clumps is present in the Milky Way according to numerical simulations [40] . See text for further details.
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